Abstract. A 330{360 GHz spectral survey of the hot molecular core associated with the`cometary' ultracompact HII region G34.3+0.15 observed with the James Clerk Maxwell Telescope has detected 338 spectral lines from at least 35 distinct chemical species. 70 lines remain unidenti ed. Chemical abundance and rotation temperature have been determined by rotation diagram analysis for 13 species, and lower limits to abundance found for 38 others.
Introduction
Millimetre-and submillimetre-wavelength spectral surveys of regions of massive star formation are beginning to yield valuable insights into the complex chemical processes occurring therein. As yet, sensitive spectral surveys have been performed over rather limited frequency ranges for very few regions, most notably OMC1 and Sgr B2 (Cummins et al. 1986 , Johannson et al. 1984 , Turner 1989 , Sutton et al. 1985 , Blake et al. 1986 , Jewell et al. 1989 . Turner (1991) has shown that, despite apparent di erences in line intensities, the chemistry of both these hot molecular cores is essentially similar, suggesting a similar cosmic-ray ux, evolutionary stage and elemental abundance distribution. Whilst this result is striking for two star-forming regions of di erent size and location in the Galaxy, it may well be that such O-rich (O/C > 1) regions of massive star-formation with clumpy, complex morphologies are not typical of less evolved hot cores.
For this reason we have undertaken a spectral scan in the 330{360 GHz range, covering almost the whole of Send o print requests to: G.H. Macdonald the 870 m atmospheric window, of the hot core associated with the ultracompact HII region, G34.3+0.15. Hot molecular cores are an important component of molecular clouds associated with sites of recent star formation. They may be de ned as small (0.01{0.1 pc), warm (100{ 300 K), dense (10 6 {10 8 cm ?3 ) and opaque (N H2 ' 10 23 { 10 24 cm ?2 ; A V =100{1000 mag) clumps of gas with dynamical age, loosely de ned as the ratio of hot core diameter to observed linewidth, of only a few thousand years. Since this is insu cient time for signi cant evolution to have occurred in the gas-phase chemistry, hot core abundances re ect conditions at the time of`switch-on' of the exciting star which result in the evaporation of material from grain mantles due to direct heating or the e ect of shocks (Walmsley 1992) . The composition of the grain mantles in turn is a result of the production of molecules by gas-phase chemistry in the cold accreting cloud which have frozen onto the grain surface, and the subsequent processing of these species by surface chemistry. Study of the chemistry in hot molecular cores therefore provides valuable insight into the earlier cold phases of evolution of the star-forming molecular cloud.
The hot molecular core associated with the ultracompact HII region G34.3+0.15 provides an excellent case study for the detailed investigation of the chemistry in an isolated hot core. The HII region is a prototypical example of the cometary morphology ( Fig. 1) , which may be due to the bow-shock interaction between an ambient molecular cloud and the wind from an energetic young star moving supersonically through the cloud Churchwell 1989, Van Buren et al. 1990 ). NH 3 (3,3) observations with the VLA (Heaton, Little & Bishop 1989) show that the highly compact molecular cloud appears to be wrapped around the head of the cometary structure (Fig. 2) , with the ionisation front advancing into the cloud. The distance to G34.3+0.15 is taken to be 3.1 kpc (Downes et al. 1980) .
Radiative transfer modelling of continuum and spectral line emission from HCO + and CO are best tted by an hierarchical structure with spherical symmetry compris- (Gaume et al. 1994) .
ing a halo, compact core and ultracompact core (StrongJones at al. 1991 , Heaton et al. 1993 , Little et al. 1994 . In these models, the halo extends from 0.1{3.25 pc with (to within a factor of 2) n H2 ' 10 4 r ?2 cm ?3 , T k ' 30r ?0:4 K, where r is the radius in pc. The compact core extends from 0.1{0.01 pc and has a constant density n H2 10 6 cm ?3 but otherwise as above. The ultracompact core represents the central region within 0.01{0.001 pc and has constant density (2 10 7 cm ?3 ) and temperature (' 300 K). In Paper II (Millar, Macdonald & Gibb 1996 ; in preparation) we will attempt to model the chemical abundances observed assuming this spherical structure.
The observations and method of data reduction will be described in section 2, and determination of rotation temperature and chemical abundance for identi ed species discussed in section 3. A detailed discussion of the significance of these new data in understanding the chemical evolution of hot molecular cores will be given in a subsequent paper (Paper II).
2. Observations and data reduction 2.1. Observations
The observations were made with the James Clerk Maxwell Telescope on four full nights in 1991 July (session 1) and six half-nights in 1992 March/April (session 2) with receiver B2, a dual channel Schottky diode mixer receiver with system temperature of typically 2000{3000 K. Data from only one channel were used since the other channel was considerably more noisy. The signal was analysed over a 500 MHz bandwidth with an acousto-optical spectrometer (AOSC) which provides 2048 frequency channels at 0.25 MHz spacing with resolution of 0.33 MHz.
All data were calibrated by the standard chopperwheel technique (Kutner and Ulich 1981) , yielding line intensities of T A , corrected for atmospheric and resistive losses in the telescope, plus rearward spillover and scattering. Further correction for forward spillover and scattering yields the quantity T R = T A = fss , where the forward scattering and spillover e ciency fss = 0:75 at 345 GHz for the JCMT. All spectra shown here are on the T A scale. At 345 GHz, the half-power beamwidth is 14 00 . Pointing was checked regularly using the submillimetre continuum emission of G34.3+0.15 itself: pointing errors were found to be less than 3 00 . All observations were made at the position (1950) =18 h 50 m 46: s 25, (1950) = +01 11 0 13 00 ; i.e. at the intersection of the ionisation front and the axis of symmetry of the cometary-shaped continuum emission (Fig. 2) . A velocity of +58 km s ?1 with respect to the local standard of rest was assumed initially, although this was later revised to +57.2 km s ?1 (see Section 2.3). Observations in the rst session were made as a pilot programme over a total frequency range of 17 GHz with the 500 MHz bandwidth of AOSC centred at frequencies selected with reference to an earlier survey of Orion-KL (Jewell et al. 1989) . Observations made in the second session covered the full frequency range from 330-360 GHz to provide data with a uniform noise level.
All observations were made in dual-sideband mode which gives rise to spectra in both upper-and lower-sidebands superimposed but with the frequency scales running in opposite directions. The sideband ambiguity was resolved for any given line by repeating each observation with the local oscillator frequency shifted by 10 MHz, causing lines observed in the two sidebands to move by this amount in opposing directions. Receiver B2 has an intermediate frequency of 3.94 GHz, giving a sideband separation of 7.88 GHz. In order to cover the 330-360 GHz range as e ciently as possible, 35 pairs of unshifted/shifted spectra were taken. In each case a`main' band was speci ed for operational convenience; in 25 cases this was the lower sideband, and in 10 cases the upper sideband.
Two Gunn oscillators were required in order to tune over the full 330{360 GHz range. For this and other operational reasons the frequency plan in main and image bands was quite complex and a small degree of overlap in coverage occurred, as shown in Fig. 3 . From lines observed in both sidebands, the upper/lower sideband gain ratio was found to be close to unity. We have therefore assumed the sideband gains to be equal throughout these observations. All 70 spectra taken are shown in Fig. 4 , arranged in pairs. The upper panel shows the spectrum obtained at the centre frequency (given in the top right corner) and the lower panel shows the spectrum for a local oscillator shift of +10 MHz so that lines can be ascribed to the correct sideband, either`main' or`image'. The frequency scale shown on the upper and lower panels correspond respectively to the main and image sidebands and therefore run in opposite directions. For clarity, those identi ed lines found to lie in the main band are indicated in the upper panel. Image band lines are similarly marked on the lower panel.
Where possible, spectra from both sessions have been averaged together. All spectra have been binned over 2 or 4 channels according to the noise level and baselines subtracted. For session 1 data, this was always a constant o set whereas for session 2 data, it was occasionally necessary to remove a sinusoidal baseline of period 300 MHz, reducing the sensitivity of these data. The noise level is typically of order ' 0:16 K. The constant continuum arising from dust and free-free emission from the ultracompact HII region within the beam has been subtracted from all spectra in Figure 4 .
All spectral lines detected were modelled with the SPECX gaussian tting procedure and averaged values for the observed frequency, peak T A and linewidth were calculated for each line. These data are listed in order of increasing frequency in Table 1 . The fourth column contains a code indicating in which session the observation was made (1 or 2) and in which band the line was found (main, m, or image, i). Multiple independent detections of the same line are included. Observed frequencies in Table  1 have been corrected for two e ects: a constant frequency o set in the AOSC and an error arising from the Doppler correction in the image sideband. The design of AOSC gave a constant o set of 2.9 MHz between the spectrometer centre channel and a spectral line in the middle of the IF passband which has been allowed for in subsequent reduction. Doppler correction of the local oscillator frequency to allow for the assumed +58 km s ?1 velocity of the source relative to the LSR is only strictly correct at the centre frequency of the main band and is in error in the image band by 1.5 MHz if the main band is the upper or lower sideband respectively. This frequency correction has been applied to observed frequencies in Table 1 and the frequency scales shown in Fig. 4. 
Line identi cation
The frequencies of detected lines were compared with several lists of theoretical and laboratory-measured frequencies and with lines observed in other sources. These compilations included Lovas (1992) For each identi ed line, Table 1 lists the molecular species, the transition and rest frequency. Where there is more than one likely identi cation, all possibilities are listed, with the most plausible one indicated with an asterisk. For some molecules, most notably methyl formate, two or more transitions with the same lower-level energy lie within a few MHz. In these cases, only one transition is listed although its blended nature is marked in Table  1 . The total number of detections listed is 447 lines, of which 109 are multiple detections, giving 338 independent spectral lines. The density of spectral lines detected in G34.3+0.15 is therefore 11.4 lines GHz ?1 to a detection limit in T A of about 0.5 K. This gure is similar to the detection frequency in Orion-KL of 5.4 lines GHz ?1 (Jewell et al. 1989 ) and 8 lines GHz ?1 (Avery et al. 1992 ) to a detection limit in T A of 1 K over the same frequency range as for the our survey and 9 lines GHz ?1 over the range 257{273 GHz to a level of 0.8 K in T A (Greaves and White 1991) .
A few absorption features are seen in Figure 4 which may arise either from molecular clouds alond the line of sight to the background continuum source or from emission in the o set reference position. The absorption features associated with the J=3{2 12 CO and 13 CO emission lines are almost certainly due to foreground material. The feature at 346.84 GHz is most probably an artefact of noise since it does not appear in the shifted spectrum.
Spectral lines have been identi ed with 35 distinct chemical species (some 40% of all presently known species in the ISM) plus 19 isotopomers, with possible detections of 6 further species. 70 lines remain unidenti ed: several of these lines were also detected in OMC1 (Jewell et al. 1989) . As many as 14 lines are due to ethanol, making this the most comprehensive detection yet of this species in the interstellar medium (Millar, Macdonald and Habing 1995) .
The distribution of frequency di erence between the observed and rest frequencies for each identi ed line was found to be Gaussian with a mean and standard deviation of 0.9 2.0 MHz, corresponding to a velocity di erence of -0.8 1.8 km s ?1 . Separate histograms for lines observed in both main and image bands in the two observing sessions are essentially identical, showing that there are no systematic errors in frequency measurement. The non-zero mean indicates that +57.2 km s ?1 would have been a more appropriate choice of mean velocity relative to the LSR than the value of +58 km s ?1 used. All the observed frequencies listed in Table 1 have therefore been corrected to this velocity. Figure 5 shows a histogram of the resulting frequency di erence between observed and rest frequency for all identi ed lines. The observed dispersion of 2.0 MHz arises from a combination of random measurement errors, self-absorption e ects shifting the peak of some line proles and an unknown spread in intrinsic velocity of di erent molecular species or between di erent excitation levels for a given species within the molecular cloud. The overall combination of these various e ects must be relatively small ( 1.8 km s ?1 ) and detection of velocity change with in the presence of random errors in frequency measurement due to noise, particularly for the weaker lines. There is good evidence that this molecular cloud is in a state of collapse (Little et al. 1994) , so some di erentiation between species or energy level by velocity may nevertheless be expected and will be discussed in Paper II.
3. Data analysis 3.1. Determination of column density: rotation diagrams Identi ed lines can be analysed using the rotation diagram technique (e.g. Turner 1991) which assumes optically thin emission from molecules in LTE. The total molecular column density can be obtained from
Equation (1) can be rearranged to give log 10 (L) = log 10 N mol Q(T rot ) ? E u k log 10 e T rot (2) where L = ? 3k R T R dv=8 3 S 2 g K g I , R T R dv is the integrated intensity, is the transition frequency, S is the line strength, is the permanent electric dipole moment and g K and g I are degeneracies. This is a straight line with a gradient of (? log 10 e=T rot ) and a y-intercept of log 10 (N mol =Q(T rot )). These parameters were determined by using a linear regression routine to t a straight line to the data. The uncertainty in R T R dv gives rise to an uncertainty in log 10 (L), which has been plotted as 1-error bars on the rotation diagrams (Fig. 6) . The quantity W = R T R dv was calculated from R T R dv ' 1:06T A v= fss ,
where it is assumed that the line is gaussian and the source-beam coupling factor, c , is unity. Errors in tting a straight line to the data are re ected in the corresponding errors in T rot and N mol given in Table 2 . The form of the partition function, Q(T rot ), varies between molecular types. Assuming that the`hightemperature' approximations are valid for all types of molecule, (i.e. kT=h B, or whichever rotational constant is larger), the expressions for Q(T rot ) given by Turner (1991) have been employed. Herzberg (1945) pp505{506 discusses the validity of these approximations, and for most molecules the error in the partition function should not be signi cant for T rot > 25K. For highly asymmetric molecules such as HDO and SHD, the partition function was estimated by interpolation between values given at various temperatures by Poynter and Pickett (1985) .
Determination of column density: single detections
For those molecules with only one or two detections, a lower limit to the total column density has been estimated. As before, LTE populations and low optical depth tion (1) has been determined by equating the derivative of the temperature dependent part of the equation to zero: i.e. d dT (Q(T) exp(E u =kT)) = 0, where Q(T) takes on the appropriate form for each molecule. For a linear molecule, it may be shown that this rotation temperature is equal to E u =k. For symmetric or slightly asymmetric tops, T rot = 2 3 E u =k. Forming the second derivative shows that these turning points are minima,and thus strict lower limits to N mol can be derived.
Relative abundances
For all those molecules with at least three identi ed transitions, rotation diagrams were plotted and are shown in Fig. 6 . The straight-line ts are plotted on these gures and the rotation temperatures and molecular column densities are tabulated in Table 2 , along with the corresponding 1-uncertainties derived formally from the t. The lower limits estimated from the molecules with only single or double detections are tabulated in Table 3 The rotation temperature and molecular column density given in Table 2 for ethanol di er slightly from the previously published values (Millar et al. 1995) since the measured T A had there been corrected for coupling between the source and the telescope beam. Furthermore, the coupling e ciency had been assumed to vary slightly with frequency across the 30 GHz range of the survey. Since we have no information on any size variation of the molecular cloud between species, no attempt has been made here to correct for the e ect of beam coupling to the source.
Summary and Conclusions
We have carried out a submillimetre wave spectral survey of the hot molecular core in G34.3+0.15, covering the complete frequency range from 330 to 360 GHz. A total of 338 spectral features were detected down to limitingvalues in T A of 0.3 K. Of these, 268 have been identi ed with 35 distinct molecular species, plus 19 isotopically substituted variants. 70 lines remain unidenti ed: several of these are also seen in the Orion molecular cloud.
Rotation temperature and chemical abundance have been determined for 51 species and isotopomers. For 13 species these are rm values from rotation diagram analysis. Column density estimates for the remainder are lower limits where only one or two lines have been detected.
The species detected re ect the diverse physical conditions within the G34.3 molecular cloud. Complex molecules and vibrationally excited HCN, indicative of hot molecular cores, have been detected as have the molecular as NO, SO and H 2 CCO, which probably arise in the outer envelope of the cloud. Detailed chemical models of this source, taking into account the three-component structure of the molecular clouds, are being constructed and a discussion of the signi cance of these data for understanding the chemical evolution of hot molecular cores will be given in a subsequent paper (Paper II).
Despite the wealth of molecular lines detected in this survey, we have been unable to obtain abundance estimates for many of the diatomic and triatomic species as we have often detected only one transition. Observations at other frequencies, and of isotopomers, will be needed to derive optical depth, rotation temperature and abundance in order to further constrain models of this source.
